Cows with ovarian follicular cysts were treated with progesterone to determine whether a reduction in LH concentrations and initiation of ovulatory follicular waves would occur. Cysts were diagnosed using transrectal ultrasonography when single follicular structures > 20 mm or multiple structures > 15 mm in diameter were present for 7 d in the presence of low progesterone concentrations. Three groups were studied: 1) cows with normal estrous cycles (CYC, n = 8); 2) cows with untreated cysts (CYST, n = 7); and 3) cows with cysts treated with two progesterone-releasing intravaginal devices (PRID, n = 8) for 9 d. Ovaries were examined with transrectal ultrasonography, and blood samples were collected daily for analysis of progesterone and FSH. Serial blood samples for determination of mean LH and LH pulse frequency were collected on d 0 (CYST and PRID cows only), 1, 5, 9, and 10. Progesterone concentrations were higher in PRID cows than in CYST cows throughout the PRID treatment period (P < .002). On d 0, LH pulse frequency was similar (P = .10) in PRID (6.6 ± .6 pulses/8 h) and CYST
Introduction
Ovarian follicular cysts are a significant cause of reproductive failure and economic loss in dairy cattle. Such cysts have been defined as follicular structures that are 25 mm or more in diameter that persist for at least 10 d in the absence of a corpus luteum (CL) (Kesler and Garverick, 1982) . From 10 to 15% of dairy cows 1 This is a contribution from the Missouri Agric. Res. Sta.; Journal Ser. No. 12, 803. 2 To whom correspondence should be addressed. (ph: 573/882-6552; fax: 573/882-6827; E-mail: GarverickH@missouri.edu).
Received November 2, 1998. Accepted April 29, 1999. 3037 cows (5.1 ± .6 pulses/8 h), but mean LH tended to be higher (P = .054) on d 0 in PRID cows (2.5 ± .2 ng/mL) than in CYST cows (1.9 ± .2 ng/mL). Mean LH and LH pulse frequency decreased (P < .002) by d 1 in PRID cows (1.1 ± .2 ng/mL, 1.8 ± .6 pulses/8 h) compared with CYST cows (2.1 ± .2 ng/mL, 5.6 ± .6 pulses/8 h) and remained lower throughout most of the experimental period. The FSH concentrations were higher (P < .01) in PRID cows than in CYC and CYST cows on d 3 and 4. The increase in FSH concentrations preceded emergence of the PRID-induced follicular wave. All PRID cows and four of seven CYST cows initiated new follicular waves during the period of PRID treatment. Follicular waves were initiated later (P < .05) in CYST cows (d 5.2 ± 1.7) and PRID cows (d 5.5 ± .6) than in CYC cows (d 1.8 ± .3). Cysts were smaller (P < .01) at the end of the treatment period in PRID cows compared with CYST cows. No CYST cows ovulated, but all PRID cows ovulated newly developed follicles 3 or 4 d after PRID removal. Treatment with exogenous progesterone reduced LH in cows with cysts, and this was followed by development of normal ovulatory follicles.
are affected by cysts during each lactation (Morrow et al., 1966; Bierschwal et al., 1975) . In normal estrous cycles, there are two or three waves of follicular growth (Savio et al., 1988; Sirois and Fortune, 1988) . Each wave is characterized by recruitment of small follicles, followed by selection of one follicle to become the dominant follicle (DF). Waves of follicular growth in cows with cysts are similar to those in cows with ovulatory cycles (Hamilton et al., 1995) , but new follicles grow for a prolonged period and develop into anovulatory cysts. In general, cows with cysts have low progesterone and high basal LH concentrations (Kesler et al., 1980; Cook et al., 1991) . In the absence of a CL, attempts to synchronize estrus with low concentrations of progestins results in increased LH pulse frequency (Ireland and Roche, 1982; Roberson et al., 1989) , followed by growth and persistence of an abnormally large follicle (Sirois and Fortune, 1990; Taylor et al., 1993) . Administration of additional exogenous progesterone reduces LH pulse frequency and induces the regression of persistent follicles and emergence of a new DF (Stock and Fortune, 1993; Taylor et al., 1994) .
It is unknown whether treatment of cows with cysts with exogenous progesterone decreases LH secretion and initiates cyst regression. Therefore, an experiment was designed to determine whether exogenous progesterone would suppress mean LH and LH pulse frequency in cows with cysts, resulting in regression of cysts and initiation of follicular growth leading to ovulation. Cook et al. (1990) .
Materials and Methods

Induction of Cysts
Ovaries were examined twice weekly following steroid treatment until identification of cyst(s) using transrectal ultrasonography (Aloka 210, Corometrics Medical Systems Incorporated, Wallingford, CT; 7.5-MHz probe). Blood samples were taken twice weekly, and serum was collected and stored at -20°C until analysis for progesterone. Cysts were diagnosed when single follicular structures > 20 mm or multiple structures > 15 mm in diameter were present and progesterone concentrations remained below .5 ng/mL for 7 d in the absence of a corpus luteum.
Determination of Follicular Growth and Serum Hormone Concentrations
Once cows met the criteria defining cysts, they were moved to tie-stalls (d -1). Ovaries were examined daily by transrectal ultrasonography from d 0 to 13, and numbers and diameters of follicles ≥ 5 mm were recorded and mapped.
Three groups of cows were studied: 1) cows with normal estrous cycles (CYC, n = 8); 2) cows with untreated cysts (CYST, n = 7); and 3) cows with cysts that were treated with exogenous progesterone for 9 d (PRID, n = 8). Two silicon rubber progesterone-releasing intravaginal devices (PRID, 1.55 g of progesterone, Sanofi Animal Health, France) without estradiol benzoate capsules were administered to PRID cows after the end of serial blood collection on d 0 and were removed following serial blood collection on d 9.
Jugular catheters were inserted, and serial blood samples were collected to assess changes in LH release on d 0 (PRID and CYST cows only), and from all cows on d 1, 5, 9, and 10. Blood was collected every 12 min for 8 h on serial sampling days. Serum was collected and stored at -20°C until analysis. In CYC cows, luteolysis was induced using PGF 2α , and estrus was considered d 0. Serial blood samples were collected in CYC cows on d 1 or 2 (d 1), 5 or 6 (d 5), and 9 or 10 (d 9) after estrus to examine luteal phase patterns of LH release. The CYC cows were injected with PGF 2α , and blood was serially sampled 24 h after injection (d 10) to provide follicular phase patterns of gonadotropin release. Blood samples were also collected daily from d 0 to d 13 for progesterone and FSH analysis from all groups.
Concentrations of progesterone were determined using a previously validated assay (Coat-A-Count, Diagnostic Products Corp., Los Angeles, CA; Kirby et al., 1997) . The sensitivity of this assay is .1 ng/mL and the intraassay and interassay CV were 7.8 and 8.2%, respectively. The LH concentrations were determined in duplicate 100-µL samples with a double antibody RIA (Zaied et al., 1980) using rabbit anti-ovine LH (RαoLH TEA #35; J. J. Reeves, WA). Standards (.25 to 25 ng/mL, USDA-bLH-B-6) were prepared in PBS. The FSH concentrations were determined by using a previously validated heterologous double antibody RIA (Garverick et al., 1988) except that the standards used were oFSH (NIAMDD-oFSH-R D-1, .125 to 15 ng/mL). The sensitivity for the LH assay was .25 ng/mL, and the intraassay and interassay CV were 11.6 and 21.8%. The sensitivity for the FSH assay was .25 ng/mL and the intraassay and interassay CV were 9.1 and 12.3%.
Statistical Analysis
Data were analyzed using the GLM procedure of SAS (SAS, 1988) . Due to heterogeneity of variance, data for follicular wave initiation were subjected to square root transformation, and cyst size data were log transformed. For statistical analysis of hormone data, the model tested included treatment, day, and treatment × day interaction. Treatment effects were tested using cow within treatment as the error term, and day and the treatment × day interaction were tested using the residual error (Gill and Hafs, 1971) . When significant treatment × day interactions were identified, comparisons among treatments within day were performed with the PDIFF procedure. Hormone data are reported as LSMeans ± error of LSMeans. The LH pulse characteristics were analyzed with CLUSTER (Veldhuis and Johnson, 1986 ) using a minimum standard deviation of .5 ng/mL from baseline to detect an upward trend. The calculated standard deviation was used in cows with greater standard deviations.
Results
Cyst Regression and New Follicular Growth
Following steroid treatment to induce cysts, there was a period of no follicular growth, followed by detection of a growing 10-mm follicle 29.5 ± 1.26 d after the first steroid treatment (mean ± SE, range 21 to 47 d) that subsequently ovulated or developed into a cyst, as in previous studies in our laboratory (Cook et al., 1990) . Cysts in the CYST (22.1 ± .8 mm, mean ± SE) and PRID cows (20.5 ± .9 mm) were similar (P = .22) in size on the first day of the experimental period. At the end of the PRID treatment, cysts in the PRID group had decreased (P < .01) in size and were smaller (17.2 ± .7 mm) than cysts in the CYST group (23.2 ± 1.9 mm). The first follicular wave emerged on d 1.8 ± .3 of the estrous cycle in CYC cows (range, d 0 to d 3). All PRID cows initiated a follicular wave during PRID treatment. Wave emergence was on d 5.5 ± .6 (range, d 3 to d 8). All PRID cows ovulated 3 or 4 d following removal of the PRID. Two PRID cows had twin ovulations. Four of seven CYST cows initiated a follicular wave during the period of PRID treatment (d 0 to 9). Wave emergence was on d 5.2 ± 1.7 (range, d 1 to 9). Two additional CYST cows appeared to be initiating a follicular wave on d 12. No CYST cows ovulated. Follicular waves were initiated later (P < .05) in PRID and CYST cows than in CYC cows.
Serum Hormone Concentrations
Progesterone. Progesterone concentrations were similar (P = .99) in PRID (.10 ± .03 ng/mL) and CYST cows (.10 ± .03 ng/mL) before treatment on d 0 (Figure 1 ). There was a treatment × day interaction (P < .001). Following insertion of the PRID, progesterone concentrations increased on d 1 and were higher (P < .001) in PRID cows compared with CYST cows. Progesterone concentrations remained higher (P < .002) in PRID cows than in CYST cows throughout the PRID treatment period. In CYC cows, progesterone concentrations were lower (P < .02) than in PRID cows from d 1 to 4 but increased over time as the CL matured, and were higher (P < .01) on d 7 to 9 than in PRID cows. Mean progesterone concentrations were similar (P = .73) in PRID (2.2 ± .1 ng/mL) and CYC cows (2.1 ± .2 ng/mL) from d 1 to 9, and both were higher (P < .001) than in CYST cows (.3 ± .04 ng/mL). Progesterone concentrations did not differ (P ≥ .35) among treatments on d 10, following removal of the PRID in PRID cows and induction of luteolysis in CYC cows. Although mean progesterone concentrations did not change in CYST cows, a cyst luteinized in one cow (progesterone > 3 ng/mL), and progesterone concentrations exceeded .5 ng/mL for several days in another cow.
Luteinizing Hormone. A LH surge was observed in three PRID cows during the serial sampling period on d 10; therefore, data from these cows on d 10 were not Figure 1 . Progesterone concentrations (ng/mL) during the experimental period. # denotes differences (P < .05) between PRID and CYST; * denotes differences (P < .05) between PRID and CYC; and † denotes differences (P < .05) between CYST and CYC. Pooled mean square error is .6605 with 192 df.
included in the analysis of mean LH concentrations, number of LH pulses, and LH pulse amplitude. Mean LH concentrations tended to be higher (P = .054; Table  1 ) on d 0 in PRID than in CYST cows. High mean LH concentrations were maintained in CYST cows throughout the experimental period. Mean LH decreased (P < .002) by d 1 in PRID cows and remained lower (P < .02) in PRID cows than in CYST cows while progesterone devices were in place. Mean LH concentrations were similar (P ≥ .31) in PRID and CYC cows on d 1 and 9, but LH concentrations were slightly higher (P < .04) in PRID cows than in CYC cows on d 5. Mean LH concentrations were similar (P > .06) in all treatments on d 10, following withdrawal of progesterone devices in the PRID cows and PGF 2α -induced luteolysis in CYC cows.
The number of LH pulses were similar (P = .10) on d 0 in PRID and CYST cows ( Table 1 ). The CYST cows maintained a high LH pulse frequency throughout the experimental period. There was a treatment × day interaction (P < .001). The LH pulse frequency was lower (P < .001) by d 1 in PRID cows than in CYST cows. Only three of eight PRID cows had LH pulses on d 1, and two of these cows had the lowest circulating concentrations of progesterone. The LH pulse frequency remained lower (P < .004) on d 5 in PRID cows than in CYST cows, but, by d 9, LH pulse frequency was similar (P = .07) in PRID and CYST cows. The LH pulse frequency was lower (P < .005) on d 1 in PRID cows than in CYC cows. The LH pulse frequency was similar on d 5 (P = .77) but was higher on d 9 (P < .01) in PRID than in CYC cows. The decrease in LH pulse frequency over time in CYC cows reflects the increase in progester- Within a row, means lacking a common superscript letter differ (P < .05). one secretion from the maturing CL. The LH pulse frequency was higher (P < .04) on d 10 in PRID and CYC cows than in CYST cows.
There were no effects of treatment or interaction of treatment and day on LH pulse amplitude. There was an effect of day (P < .04). Pulse amplitude was higher on d 5 than on d 1, 9, and 10 (Table 1) .
Follicle-Stimulating Hormone. There was a treatment × day interaction (P < .001). The FSH concentrations were higher (P < .01) on d 3 and 4 in PRID cows than in CYC cows and were higher (P < .05) in PRID cows on d 2 to 4 than in CYST cows (Figure 2 ). This increase in FSH preceded emergence of the PRID-induced follicular wave in PRID cows. The FSH concentrations were higher (P < .01) on d 8 and 9 in CYC cows than in CYST and PRID cows, preceding emergence of the second wave of follicular growth in CYC cows. The CYST cows showed no changes in FSH release. There was a tendency toward an effect of treatment (P = .08). Mean FSH concentrations tended to be lower in CYST (.67 ± .06 ng/mL) than in PRID (.80 ± .05 ng/mL) and CYC cows (.84 ± .05 ng/mL).
Discussion
After successful treatment with GnRH, cysts undergo luteinization, LH concentrations are reduced, proges- Figure 2 . Concentrations (ng/mL) of FSH during the experimental period. # denotes differences (P < .05) between PRID and CYST; * denotes differences (P < .05) between PRID and CYC; and † denotes differences (P < .05) between CYST and CYC. The pooled mean square error is .0358, with df 178.
terone concentrations increase within 5 to 9 d, and estrous cycles are usually reestablished within 18 to 21 d . Progesterone has also been used to treat cows with cysts. However, dosages, duration of treatment, and usage of additional hormones have varied. Also, ovarian and hormonal changes were not closely monitored (Johnson and Ulberg, 1967; Nanda et al., 1988) . In recent experiments, atresia was induced in persistent follicles in four of five heifers treated with two PRID for 24 h but in only one of five heifers treated for 6 h (McDowell et al., 1998) . Following treatment with exogenous progesterone for 48 h, aromatase activity decreased, and the incidence of atresia increased in granulosa cells of persistent follicles (Manikkam and Rajamahendran, 1997 ). In the current experiment, a 9-d PRID treatment period was chosen because it approximates the period of progesterone exposure in one successful method of cyst treatment (i.e., GnRH, followed 9 d later with PGF 2α ; Kesler et al., 1978) . Administration of GnRH, followed 7 d later with an injection of PGF 2α , was associated with high cyst recurrence in another study (Nanda et al., 1988) . This indicates that a certain period or threshold of progesterone exposure may be necessary to reestablish normal estrous cycles. Treatment with two PRID was expected to approximate midluteal progesterone concentrations (Roberson et al., 1989) . Mean concentrations of progesterone attained in this study were lower than expected, possibly due to larger body weights of animals, and because devices were not replaced during the treatment period. However, similar overall mean progesterone concentrations were achieved in PRID and CYC cows from d 1 to 9.
Hourly pulses of GnRH (Glencross, 1987) or pulses of LH every 2 h (Taft et al., 1996) maintain estradiol synthesis and(or) growth of follicles. Synchronization of estrus with low doses of progestins may result in increased LH pulsatility (Roberson et al., 1989; Taylor et al., 1993) and persistence of dominant follicles (Sirois and Fortune, 1990; Taylor et al., 1993) . Administration of additional exogenous progesterone decreases basal LH and LH pulse frequency and causes regression of persistent follicles (Stock and Fortune, 1993; Taylor et al., 1994) . Recent reports (Bergfeld et al., 1996; McDowell et al., 1998) indicate that LH decreases within 6 h of exposure to increased progesterone concentrations. Persistent follicles that develop in a lower than normal progesterone environment are usually ovulatory (Sirois and Fortune, 1990; Taylor et al., 1993) . It was unknown whether luteal concentrations of progesterone decrease LH concentrations in cows with anovulatory cysts and allow emergence of a new wave of ovulatory follicular growth. In the present experiment, mean LH and LH pulse frequency declined within 24 h in cows with cysts treated with PRID and remained lower than in CYST cows for several days. The reduced mean LH concentrations and LH pulse frequency probably were insufficient to maintain cysts in PRID cows, leading to functional cyst regression and emergence of new follicular growth.
It is well known that progesterone regulates LH pulse frequency (Ireland and Roche, 1982; Roberson et al., 1989) ; however, progesterone has other physiological effects that may affect the fate of cysts. Progesterone has been shown to inhibit estrogen secretion by granulosal cells in vitro (Fortune and Vincent, 1983) , suggesting that progesterone may have direct effects within the ovary. Cows with cysts with high endogenous estrogen concentrations fail to generate a LH surge in response to a dose of exogenous estradiol that induces estrus in ovariectomized cows (Refsal et al., 1988) , indicating that cows with cysts have lost the ability to respond to the positive feedback effects of estradiol. A period of exposure to progesterone seems to restore the ability of the hypothalamus to generate a LH surge in response to estradiol in sheep (Dobson et al., 1996) . Progesterone has been shown to regulate the number of estradiol receptors in the sheep ventromedial hypothalamus (Blache et al., 1994) , in the region where estradiol acts to induce the gonadotropin surge (Caraty et al., 1998) . Therefore, exogenous progesterone may restore hypothalamic sensitivity to estradiol in cows with cysts.
As in previous studies (Adams et al., 1992; Hamilton et al., 1995) , FSH concentrations increased 1 to 2 d before the emergence of new follicular waves. No differences in FSH concentrations (Cook et al., 1991) or in pituitary stores of FSH (Brown et al., 1986; Cook et al., 1991) were reported between cows with normal estrous cycles and cows with cysts in earlier studies. In the present study, CYST cows showed no changes in mean FSH concentrations, and FSH concentrations tended to be lower than in the PRID and CYC cows. Lower FSH concentrations in CYST cows were likely related to asynchrony of wave emergence and to prolonged cyst dominance.
New follicular waves in the current study were initiated 5 d following progesterone treatment, later than the 3-d period reported in cows with persistent follicles (Anderson and Day, 1994) . Cows with cysts may exhibit follicular waves at long or irregular intervals (Hamilton et al., 1995; Yoshioka et al., 1996) . Because cysts may inhibit other follicular growth, healthy follicles may exist only in small size categories and may take longer to grow to 5 mm. Alternatively, a longer period of decreased LH support may be necessary to induce functional regression of cysts than of dominant or persistent follicles; this may result in a delay in initiation of new follicular growth.
In this experiment, exogenous progesterone, in the absence of additional factors produced by luteinization, was sufficient to induce recovery from ovarian follicular cysts. Progesterone treatment decreased mean LH and LH pulse frequency resulting in regression of cysts and initiation of new follicular growth. New DF ovulated in PRID cows, rather than forming new cysts, possibly because development occurred in a hormonal environment more like that of cows with normal estrous cycles. Pulsatile and mean secretion of LH during follicular development of ovulatory follicles is less than that in cows with cysts during follicular/cyst development. In addition, progesterone had likely sensitized the hypothalamus to generate a LH surge in response to increasing estradiol concentrations. Further experiments should be performed to determine the duration of exposure or dose of progesterone necessary to reinitiate estrous cycles and to determine the role of hypothalamic estrogen receptors in the pathology of bovine ovarian follicular cysts.
Implications
Treatment with progesterone-releasing intravaginal devices increases progesterone and decreases luteinizing hormone (LH) concentrations in cows with cysts. In addition to its role in regulating LH secretion, treatment with progesterone for 9 d may synchronize new waves of follicular growth, resulting in development of healthy, estrogenic follicles of adequate size to ovulate following progesterone withdrawal. Intravaginal devices allow a more controlled and timely withdrawal of progesterone from circulation than when progesterone is given by injection, and could lead to a more predictable time of ovulation. Commercially available progesterone-releasing intravaginal devices may soon be available for use in U.S. dairy cattle, pending Food and Drug Administration approval. This could form the basis for a new treatment of cows with follicular cysts.
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